Polyacrylamide gel (PAG) dosimeters show considerable promise as threedimensional dosimeters for the verification of complex dose distributions associated with conformal therapy. However, the potential of PAG dosimeters has not yet been borne out in clinical practice and it is apparent that basic investigations of these dosimeters are still required.
Introduction
The move to conformal techniques in radiation therapy is undeniable; however, the advances in conformal treatment techniques cannot stand alone. Effective clinical practice requires threedimensional quality assurance measurements of the complex dose distributions achieved with conformal therapy (Low et al 1998 , 1999 , Tsai et al 1998 . Polymer gel dosimetry, based on radiation-induced polymerization (Maryanski et al 1993) , is a potential tool for conformal dose verification because the resulting polymer molecules form a permanent dose-dependent threedimensional structure, which can be measured using MRI , De Deene et al 2000a , Ibbott et al 1997 , Kennan et al 1996 , CT (Hilts et al 2000) or optical (Baldock et al 1998b techniques.
Recently there has been increased focus on basic studies of polymer gel properties (McJury et al 1999 , Hepworth et al 1999 , Baldock et al 1998b , 1999 . These types of studies provide valuable insight into the influence of various conditions (in preparation, environment, measurement) on the accuracy and reproducibility of the gels. One environmental factor that has not been addressed in detail is temperature.
It is well known that the relaxation rates (R 1 and R 2 ) of gel dosimeters are dependent on the temperature during measurement (McJury et al 2000 , Audet et al 1996 . However, there has been very limited work on addressing the issue of gel temperature during irradiation. Maryanski et al reported no observed differences in spin-spin relaxation rate (R 2 ) between BANG TM gels irradiated at room temperature and at 0 • C when both gels were cooled to 4
• C immediately after irradiation and before measurement (Maryanski et al 1994) . De Deene reported 1-4
• C temperature increases in irradiated PAG and attributed them to exothermic reactions (De Deene 1996) . Such temperature changes were observed independently in our laboratory (Salomons et al 1999) , and we now present a more detailed study of the phenomena.
The temperature during polymerization is an important environmental parameter for polymer gels because it may have considerable influence on the polymerization process. Studies of a similar polymer system (albeit without gelatin), used for electrophoresis, have indicated that the reaction temperature has a significant effect on the resulting polymer morphology (Gelfi et al 1981b) . The complexity of the reactions in the PAG dosimeters makes the level of temperature sensitivity in PAG difficult to predict (Yang 1999) . However, temperature is expected to affect reaction rates, thermal motion of radicals and monomers and gel structure. The change in gel structure may also affect the mobility of monomers and radicals. Consequently, differences in temperature during polymerization can be expected to result in different polymer morphology (Kao et al 1998 , Fried 1995 , Rudin 1982 .
In addition, as observed, the reaction process itself generates heat, and irradiated gels experience temperature changes. This may result in temperature gradients and local hot spots in the dosimeter phantoms, confounding the interpretation of the PAG dosimeter measurements. That is to say: in the practical clinical use of these dosimeters for dose verification, they may often be irradiated in a conformal setting so that the dose delivered in the volume is highly heterogeneous with select regions receiving very high doses and other regions relatively low doses. As a result, selected small regions of the gel might be raised to very high temperatures if they have been irradiated to a high dose. Thus, it may be that the thermal histories of the gels in the high-dose and low-dose regions are different and perhaps this may confound the radiation dosimetry. A preliminary step in understanding the effects of temperature on the polymerization process is to determine the magnitude of these self-heating effects under different conditions. Finally, it will be shown that real-time measurements of temperature changes in the gels also provide a useful tool for tracking the reaction progress in the PAG dosimeters, as the heat generated during, and after, irradiation is an indicator of the extent of polymerization. In particular, temperature measurements can be used, for example, to observe the effect of oxygen contamination in perturbing the polymerization of irradiated PAG.
Materials and methods

Gel production
The polyacrylamide gel (PAG) samples were prepared in 650 ml batches following essentially standard production techniques (McJury et al 2000 , De Deene et al 2000b , Baldock et al 1998a , Maryanski et al 1994 . The gel was composed of 89% (wt) distilled deionized water, 5% gelatin (300 bloom, Sigma Chemical Company; St Louis, MO), 3% acrylamide and 3% N,N -methylene-bisacryalmide (electrophoresis grade, Fisher Scientific, Nepean, Ontario, Canada). Gelatin powder was added to the deoxygenated water, the mixture was stirred, heated to 70
• C and then allowed to cool to 50
• C. The acrylamide and bisacrylamide were then added to the partially cooled gel and the solution was stirred until the bisacrylamide was completely dissolved. Once the monomers were dissolved, the solution was allowed to cool further while oxygen was purged. In a sealed flask, the solution was first pumped down until it began to foam and then pressurized with nitrogen. This cycle of vacuum and pressure was repeated twice. The gel solution was then siphoned into 4.0 cm diameter, 15 cm long, cylindrical Pyrex vessels with thermocouple assemblies sealed over the mouth of each container. A thin tube was used to bubble nitrogen through the solution within the containers for 10 to 15 min. The oxygen content was then confirmed to be less than 1.8 mg l −1 (the lowest limit of the indicator) using an indigo carmine chemical test (Chemetrics, Calverton, VA) , at which point the cylinders were sealed and placed in an ice bath to solidify for half an hour. These gel phantoms were then left inside the radiation treatment room to thermally equilibrate overnight and irradiated within 16-24 h after production.
Temperature measurement
The experiments were performed using custom-built thermocouple assemblies. These assemblies consisted of three thermocouples connected in parallel. All the junctions were of type T, using 0.127 mm constantan and 0.0762 mm insulated copper wire (OMEGA Engineering Inc, Stamford, CT). The thermocouples within the cylinder were spaced 4 cm apart and were made less than a millimetre across, so that they had negligible effect on the surrounding gel. The external cold junction, required to provide the 0
• C reference, was attached to a 1 cm 2 copper plate and placed in an ice-water bath. An additional junction, attached to a 1 cm 2 copper plate was placed in a room-temperature water bath with similar dimensions to the gel cylinders in order to track changes in the ambient temperature. Thermocouple voltages were measured using a Keithley 199 digital multimeter scanner (Keithley Instruments Inc, Cleveland, OH) and converted to temperature using standard conversion tables (CRC Handbook of Chemistry and Physics 1983, p E-101) .
The entire thermocouple assembly was tested by tracking the heating and cooling curves for a water-filled cylinder. In addition, each thermocouple was tested by comparing measured temperature values to those obtained with a mercury thermometer at 0
• C and 30
• C. The results indicated that the thermocouples had an accuracy of ±2
• C and a precision of ±0.1 • C. The cylindrical gel phantoms were placed horizontally in a holder surrounded by one of three different environments: water, air or Styrofoam, as shown in figure 1 inset. Most gels were irradiated at approximately 1.10 Gy min −1 using a 4.5 × 12 cm 2 beam at 80 cm SSD from a T-780 cobalt-60 unit (Theratronics, Kanata, Ontario, Canada) . This field size ensured that the complete gel phantom was irradiated. Some experiments were performed with a dose rate of 1.25 Gy min were made approximately every 3 seconds during and after the irradiation and continued for 30 minutes to 2 hours after irradiation had ceased.
Results and discussion
Influence of gel environment
Measurements from the three thermocouples within the phantom consistently gave similar curves, with the middle thermocouple reaching maximum temperatures of up to 2 • C higher than the other two that had air and Styrofoam environments, and up to 1
• C with the water environment. This temperature difference can be explained by the fact that the middle thermocouple is farthest from the gel surface, resulting in a lower rate of heat loss. The remainder of this paper reports measurements and analysis using data from the middle thermocouple.
The temperature changes of three PAG phantoms surrounded by different materials occurring during irradiation by 4.5 × 12 cm 2 cobalt fields are shown in figure 2. The temperature data were acquired under constant irradiation at 1.25 Gy min −1 until 75 Gy, well past the point of maximum temperature increase. Thus, in all the samples the temperature was observed to reach a maximum and then to decrease even though irradiation continued to proceed.
It can be observed from the data in figure 2 that there was no temperature increase with dose in the initial portion of the temperature response curves. This effect can be demonstrated as resulting from the presence of oxygen contamination. It will be shown in section 3.3, that it is possible to adjust the temperature response curve to account for this oxygen-dependent delay in temperature increase. The maximum temperature increase observed occurred at a time in the irradiation corresponding to a dose of about 35-45 Gy (depending on the external environment) beyond the point where the temperature first began to increase. This point is discussed in detail later in section 3.4.
The maximum temperature change was observed to be about 12
• C for a gel phantom in an insulating Styrofoam medium. A PAG phantom in a room-temperature water bath had a temperature change about half of this. Therefore, the thermal properties of the material surrounding the gel phantoms play a critical role in determining the maximum temperature reached (see figure 2) . The difference in the temperature response can be attributed to the differences in the thermal conductivity and heat capacity of the surrounding material. This was also apparent from separate observations of the effect of the field size on the temperature change. When a cylinder was irradiated to the same dose using a small 1 × 1 cm 2 pencil beam centred on one of the thermocouples, the measured temperature change was less than a degree. In this case, the unirradiated volume of gel, which is the major volume of the phantom, acted effectively as a water bath maintaining a nearly constant temperature within the irradiated region.
These observations of large temperature changes and their dependence on the surrounding environment may have important implications in the interpretation of dose distributions obtained with gel dosimeters. Local thermal hot spots, which can potentially develop within the dosimeter when selected volumes of the gel are irradiated to a high dose and are raised to high temperatures, may change the reaction kinetics and possibly the morphology of the resulting polymer in these regions (Kao et al 1998 , Fried 1995 , Rudin 1982 . Calibrating the dose response of PAG using dose changes in other regions with different thermal histories may give rise to incorrect dose readings. For example, it may not be valid to calibrate polymer gels in large phantoms using small vials of gel, since temperature differences between the calibration gels and phantom gel may cause the reaction rates to differ.
Temperature response as a function of dose
To further explore the temperature response to irradiation, a number of 160 ml PAG dosimeters were prepared and irradiated to different doses from 5.5 to 52.7 Gy. The PAG was surrounded by Styrofoam. The temperature response curves are shown in figure 3(a). As observed in figure 2 , the maximum temperature change was about 12
• C. The change in temperature was observed to follow the same shaped curve ( figure 3(a) ) regardless of dose. The temperature continued to rise even after cessation of irradiation in all samples irradiated up to 30.7 Gy. In most cases, the temperature ceased to rise within one hour after the irradiation was completed, indicating that the polymerization continues beyond the duration of the irradiation. This agrees with the observations that a suitable time is required between irradiation and measurement for the gel dosimeters to stabilize (McJury et al 2000 , De Deene et al 2000b , Baldock et al 1999 , Audet 1995 . A final sample was irradiated to 52.7 Gy, a dose chosen because it was greater than the approximately 40-45 Gy required to achieve maximum temperature increase in the experiments shown in figure 2. For this sample the temperature was observed to decrease as soon as the irradiation ceased, as expected from the observations in the earlier experiments (see figure 2) . The rate of temperature increase above 30.7 Gy exhibited by the sample irradiated to 52.7 Gy (see figure 3(a) ) indicates that polymerization continued above 30.7 Gy.
The temperature change at the time that the irradiation ceased was read directly from the curves in figure 3(a) for each sample, and is plotted as a function of dose in figure 3(b) . The temperature change increases linearly with dose, reaching 9
• C with a dose of 30 Gy. The line in figure 3(b) represents a best-linear-fit to the data: T = (0.31 ± 0.1) × D + (19.50 ± 0.55), where T is the gel temperature and D is the dose delivered to the gel. The intercept value of 19.50 ± 0.55
• C corresponds to the initial temperature of the gels before irradiation. There are two points in figure 3(b) that exhibit larger temperature changes than the others. We do not have a clear explanation as to why these points are shifted from the general trend of the other points. This could be the result of inaccurate room-temperature corrections or undetermined variations in the gel production. We include these data for the sake of completeness. The linear temperature increase with dose demonstrates that in a well-controlled thermal environment, such as a well-insulated gel phantom, it is possible to use the temperature changes of irradiated PAG to measure dose.
Oxygen inhibition
Another insight that can be gained from these temperature measurements is an analysis of the oxygen inhibition process, which scavenges the free radicals within the gels. As is well known (McJury et al 2000 , Hepworth et al 1999 , Baldock et al 1998a , Maryanski et al 1994 , Maryanski et al 1993 , no polymerization is possible when there is a sufficient level of oxygen present in a polymer gel. It is also interesting to consider what happens when there is low-level oxygen contamination.
The effect of oxygen contamination on temperature change was demonstrated in an initial experiment analogous to that performed previously by Hepworth et al to study oxygen diffusion in PAG (Hepworth et al 1999) . A sample was prepared with a small oxygen leak, which resulted in an oxygen gradient from the top to bottom of the dosimeter, as noted by Hepworth. Upon irradiation at 1.25 Gy min −1 , there was a 2 cm region at the surface of the gel in which no polymerization reactions were observed to take place. The temperature was measured during irradiation, with thermocouples at 4 cm and 6 cm from the surface of the gel. The temperature increases at both probes commenced only with some delay after the start of irradiation (as shown in figure 4 ). The temperature response curves had nearly identically shaped behaviour, however, the thermocouple in the shallower (more oxygen-contaminated) region required longer irradiation before temperature increases were observed. At some time, corresponding to a specific threshold dose, the temperature increase commenced. Further experiments have shown that the temperature increase after the threshold has identical slope to the temperature response curve of oxygen-free PAG as also shown in figure 5(a). We designate . Temperature changes in irradiated PAG dosimeters with different levels of oxygen contamination. These gels were irradiated at 1.25 Gy min −1 . As oxygen contamination increases the lag times in the onset of temperature elevation for PAG increase. The dotted line indicates the temperature response of a sample that was not purged with nitrogen to remove oxygen. For each gel, the irradiation started at time zero and proceeded for 56 min to a total dose of 70 Gy. The arrows indicate the approximate oxygen inhibition threshold D inhib .
the threshold dose below which there is no temperature increase D inhib . Figure 4 also shows the temperature measurement for a gel dosimeter prepared from the same batch of gel but which was not purged of oxygen when dispensed into the phantom. As expected, sufficient oxygen completely inhibits the polymerization and no temperature increase is observed over the duration of the 70 Gy irradiation.
The inhibition of the temperature response can be explained by the nature of the oxygen reactions. These reactions do not produce the large heat output associated with the acrylamide polymerization reactions. Once the contaminant oxygen has been consumed, it has no further influence on the acrylamide reactions, and these reactions proceed and produce heat as in the oxygen-purged dosimeters. The oxygen-induced delay in polymerization is typical for free-radical polymerization processes (Rudin 1982) .
As a result of the fact that oxygen inhibition is limited to the initial low-dose portion of the temperature response curve, corrections can be made for the presence of oxygen, once D inhib has been determined. A simple shift of the temperature response curve along the dose axis by a dose of D inhib , as illustrated in figure 5(a) , corrects the curves to account for the delay caused by oxygen contamination. The corrected curve then coincides extremely well with the temperature response curve for a gel sample well purged of oxygen. Figure 5 (b) further demonstrates that this shift in dose can correct the dose measurements. This figure reproduces figure 3(b) with the inclusion of data for various gels with low-level oxygen contamination. The '×' symbols indicate the dose-dependent temperature rise for individual oxygen-contaminated samples. The '+' symbols indicate the positions of the data points when the doses are shifted by the respective D inhib determined from the individual temperature response curves for each of these samples. These corrected points match very well with data from the purged, oxygen-free samples. It is clear that the effect of the oxygen contamination can be almost completely corrected by shifting the temperature curve by D inhib . Thus, small levels of oxygen contamination can be accounted for, in a reliable manner. Note also that the sensitivity of the gel temperature response to the presence of oxygen indicates that it is possible to use temperature measurements for testing whether the oxygen contamination is perturbing the dose response of PAG dosimeters.
Use of temperature changes to track reaction progress
The temperature changes in the irradiated PAG are driven by the exothermic polymerization reactions. If the heat loss is monitored under well-defined conditions (i.e. by using appropriate external environments to fix boundary conditions), then it is possible to use temperature measurements during and after irradiation to track the polymerization processes, i.e. a wellknown technique called calorimetry, which is used in the polymer manufacturing industry The most significant source of uncertainty (∼10%) comes from the fit to the cooling because its effect is cumulative in nature. An estimation of the rate of heat loss using Newton's law of cooling is illustrated. These data were acquired at a dose rate of 1.25 Gy min −1 and the irradiation was ceased at 75 Gy. (Gloor and Warner 1996) . Quantifying the extent of polymerization in this way is not a trivial problem, as it requires a good knowledge of the thermal properties of the system. In this paper we present a rather simplistic initial attempt to quantify how the polymerization proceeds with time. The analysis is performed using the temperature response curve of a 160 ml PAG sample that was irradiated for 60 min at 1.25 Gy min −1 to 75 Gy, that is, for a sample that was irradiated well beyond the point at which the maximum temperature was observed (see figure 6 ). The thermal properties of the gel are assumed to be those of water, and the rate of heat loss for the gel is determined from the observed cooling region of the sample as illustrated in figure 6 .
It is not unreasonable to assume that, beyond 75 Gy, further reaction processes are generating heat at a negligible rate, and the primary influence on the gel temperature is from heat loss to the environment (Zhang 2001) . Several authors have demonstrated that all monomers are expected to be consumed several hours after PAG is irradiated to beyond approximately 40 Gy (Jirasek et al 2001 , Lepage et al 2001 , Baldock et al 1998b , suggesting that a considerable fraction of, if not all, monomers had been converted to polymer during irradiation. There may be a small amount of polymerization occurring after the irradiation ceases, since sites within tightly packed precipitating polymers become less accessible to diffusing monomer (Zhang 2001 , Gelfi et al 1981a . However, these remaining reactions are not expected to provide significant heating at this stage due to the low reaction rate. Thus, the primary contribution to temperature changes after the sample has been irradiated to 75 Gy is heat loss to the external environment.
The rate of heat loss due to cooling can be quantified by an exponential fit to a cooling curve, as per Newton's law of cooling (CRC Handbook of Chemistry and Physics 1983, p F-96) . Heat effects associated with the precipitation of the polymer (Day and Robb 1981) can be neglected because they are small in magnitude compared to the enthalpy of polymerization. The dosimeter contents are assumed to be spatially uniform. With these assumptions, the percentage conversion (percentage of the total double bonds that have been consumed by reaction) (%N) can be calculated from the temperature change ( T g ) by
where C p and m are the heat capacity and mass of the gel, Q loss is the rate of heat lost to the environment, and H R is the specific enthalpy for the acrylamide/bisacrylamide polymerization reactions. N max is the total number moles of double bonds on the acrylamide and bisacrylamide monomers. Details of the derivation of equation (1) and equations for determining Q loss and N max are given in the appendix. The percentage conversion of double bonds at a given point in time was calculated for a 160 ml gel irradiated to 75 Gy in air. The resulting curve is shown in figure 6 . There are two features of the curve that merit discussion. The first is that the percentage conversion of double bonds in irradiated PAG continues to increase with dose beyond 40 Gy. The second is that only about 75% of all possible reactions have occurred at the time the irradiation ceased.
The first observation is consistent with the results given in sections 3.1and 3.2 showing that temperature continues to increase beyond 40 Gy ( figures 2 and 3(a) ). It may seem that this is an unexpected result, given that others have reported that all monomers are consumed after PAG is irradiated to beyond 40 Gy (Jirasek et al 2001 , Lepage et al 2001 , Baldock et al 1998b . However, these researchers have probed the irradiated PAG typically several hours after irradiation, while the current temperature measurements probe the behaviour immediately at the time of irradiation. It is possible that further polymerization will proceed in the intervening duration (Baldock et al 1999) .
That only about 75% of the double bonds are calculated to have been consumed when irradiation was stopped seems low. Again, this is at the time immediately after irradiation and the fraction will increase with further time, and some of the pendant double bonds arising from bisacrylamide polymerization may not be readily accessible for reactions with radicals. Also, it should be noted that the calculation of the percent conversion of double bonds contains significant uncertainties (in the order of 10%) resulting primarily from the model used to account for heat loss, and should be treated as a proof of concept. This initial model considers heat capacity and thermal conductivity to be constant with temperature and with physical changes to the polymer gel. In addition, the model assumes that in the cooling region no further polymerization occurs and that no reactions with the gelatin matrix occur during the polymerization process. If this is not true, then the extent of polymerization will be underestimated. The results presented here demonstrate that temperature measurements of the gels have the potential to be a powerful tool for studying the reaction processes. Further studies are currently under way (Zhang 2001) .
Conclusion
It has been shown that the temperature of polyacrylamide gels dosimeters increases during and after irradiation. Because these temperature changes can affect polymerization reactions within the dosimeter, the size and shape of the gel dosimeters and their environment during and after irradiation are factors that should be controlled to ensure reproducibility.
The early portion of the temperature curves can be used to determine the degree of oxygen contamination in prepared dosimeters. This technique, therefore, can be of great use in quality assurance tests of gel production. In addition, the fact that the dose temperature slope is independent of the oxygen content indicates that it is possible to correct for low-level oxygen contamination. Measurements of the temperature changes in the gels can also be used for in situ studies of reaction dynamics.
The clinical use of PAG dosimeters has not been adopted to the degree one might expect given the unprecedented potential for three-dimensional dosimetry that has been clearly indicated (Hilts et al 2000 . This is partly because of perceived problems in the practical manufacture and use of the dosimeters. Recently, there has been an increased effort to understand the physical properties and mechanisms determining the dose characteristics of polymer gels in an effort to develop more robust and clinically practical gel dosimetry. The results reported here indicate that temperature during irradiation may be another parameter requiring control, and that temperature changes and their effects on gel performance are important issues that require further study. This, in turn, can be used to predict the rate of heat loss (Q loss ) to the environment at any time during the experiment, either during or after irradiation:
This expression for the rate of heat loss can be substituted into equation (2), which can be integrated to give the total number of moles of functional groups that have been consumed:
The number of available double bonds (functional groups) can be calculated from the total number of vinyl functional groups in the gel, that is, by accounting for every source of H R . The gel samples used contained 4.8 g of acrylamide and the same mass of bisacrylamide. The molar mass of acrylamide and bisacrylamide are 71 g mol −1 and 154 g mol −1 , respectively, giving 0.076 mol of acrylamide and 0.035 mol of bisacrylamide. Acrylamide has one vinyl functional group-the part of the molecule involved in the polymerization reaction-and bisacrylamide has two vinyl functional groups. Each propagation reaction consumes one functional group; as a result, the maximum number of moles of functional groups that can react is
where, m ac and m bis are the initial masses of acrylamide and bisacrylamide monomers, respectively, and M ac and M bis are the corresponding molar masses. A rough estimate of the conversion of functional groups (the percentage of the total possible number of reactions that have occurred) (%N) can, therefore, be obtained by combining equations (6) and (7) %N ( 
This equation is reproduced as equation (1) in the text in terms of Q loss and N max .
